Antimony is becoming an increasingly critical element as the supply-demand gap is expected to exceed 10% over the period 2015-2020. Antimony production is primarily concentrated in China (90%) and as the industrial demand for this metal surges, attention has to turn towards the recovery of antimony from (industrial) waste residues and end-of-life products in order to guarantee a sustainable supply of antimony. Although lamp phosphor waste is usually considered as a source of rare earths, it also contains significant amounts of antimony in the form of the white halophosphate phosphor (Ca,Sr) 5 (PO 4 ) 3 (Cl,F):Sb 3+ , Mn 2+ (HALO). HALO phosphor readily dissolves in dilute acidic conditions, making antimony far more accessible than in the main production route which is the energy intensive processing of stibnite ore (Sb 2 S 3 ). HALO makes up 50 wt% of the lamp phosphor waste, but it has been systematically overlooked and treated as an undesired residue in the efforts to recover rare earths from lamp phosphor waste. In this paper, the feasibility of antimony recovery is discussed and an efficient process is proposed. The HALO phosphor is first dissolved in dilute HCl at room temperature, followed by a selective extraction of antimony with the ionic liquid Aliquat® 336. The remaining leachate is valorized as apatite which is a feed for the phosphate and fertilizer industry. A zero-waste valorization approach was followed, meaning that no residue or waste was accepted and that all the elements were converted into useful products. This paper thus emphasizes the potential of lamp phosphor waste as a secondary source of antimony and describes a sustainable process to recover it. The process can be integrated in lamp phosphor recycling schemes aimed at recovering rare earths.
Introduction
The word antimony comes from the Greek "anti monos", meaning "never (found) alone" which explains why the metal was only isolated and correctly identified in the 16 th century even though it had been known since ancient times as a cosmetic product. 1 The abundance of antimony in the earth's crust is 0.2 ppm, making this element scarcer than the heavy rare-earth elements. 2 Antimony (Sb) is mainly produced from stibnite (Sb 2 S 3 ) which is found in quartz veins. 1 Today, 90% of the global antimony supply is produced in China. This country also holds the largest reserves. 1 Antimony is mostly used in the form of Sb 2 O 3 as flame retardant due to its synergetic effect with halogenated flame retardants. Sb 2 O 3 has become crucial to guarantee the safety of inherently flammable materials such as plastics, coatings and electronics and takes up the majority of the world's antimony production. Sb 2 O 3 is also the main catalyst for the production of PET plastic and it is used as additive in glass and ceramics. Antimony metal is less important, although it is used in some types of lead alloys. 1 Due to its economic importance and high supply risk, antimony was listed among the most critical elements in the critical raw material report from the European Commission (2014). 3 The report forecasts that in the period 2015-2020 the supply-demand gap for antimony will be the most severe amongst all the considered strategic metals, exceeding 10% on an annual basis. Due to the strong concentration of production in China and the lack of new deposits, increasing attention should go to the recovery of antimony from secondary sources such as industrial waste residues and end-of-life consumer products. Recycling of critical metals and elemental sustainability is becoming increasingly important as resources become scarcer. In this context, lamp phosphor waste from collected end-of-life fluorescent lamps can be very interesting due to its relatively high antimony content (0.5-1 wt%) and its known rare-earth content, which adds value. [4] [5] [6] [7] Stibnite ore (Sb 2 S 3 ) has an average grade of 2.7 wt%, but requires a lot of energy and chemicals to extract the antimony. 1 The antimony in the lamp phosphor waste can be recovered in milder conditions (room temperature, dilute acid) and contains far less contaminants since lamp phosphors are synthesized using high purity products. [8] [9] [10] [11] [12] Stibnite ore often contains impurities such as Pb, As and Fe. 1 Lamp phosphors are fluorescent powders coated on the inside of the glass and are responsible for the emission of visible light in normal or compact fluorescent lamps (CFLs). [8] [9] [10] [11] [12] Their luminescence is based on the adsorption of UV-radiation emitted by the mercury atoms in the gas filling of the lamps. Two important classes of lamp phosphors can be distinguished: the white halophosphate phosphors and the socalled "tri-band" phosphors which use a mixture of red, green and blue phosphors to generate white light. The white HALO phosphor was invented in 1942 and large amounts of this phosphor were produced as it found widespread use in fluorescent tubes. [8] [9] [10] 12 Small differences exist, but it's main structure is a fluoro-chloro apatite doped with manganese(II) and antimony(III). [8] [9] [10] Its luminescence and shade of white can be adjusted by tuning the ratio of blue emitting antimony dopant and orange emitting manganese dopant or the fluorine-tochlorine ratio. [8] [9] [10] 13 Some of the calcium can also be substituted by strontium to obtain narrower emission bands. [8] [9] [10] The tri-band phosphors are more recent and have largely replaced halophosphate phosphors due to their better color rendering index, higher efficiency and excellent stability. Tri-band phosphors are composed of separate red (YOX), blue (BAM) and green (LAP/CAT) phosphors (Table 1) , which together generate white light. 10 The tri-band phosphors were crucial for the development of CFLs because the high wall temperature and higher UV flux of these lamps would quickly degrade the less resistant halophosphate phosphors. Their downside is that they rely on expensive rare-earth elements (REEs) for their luminescence, namely Eu(III), Tb(III) and Eu(II) for the red, green and blue phosphors, respectively. As a compromise between phosphor cost and performance, a double coating scheme can be applied. 10 A base layer of inexpensive and more-easily-damaged halophosphate phosphor is coated with a resistant REE phosphor blend in order to protect it from the electron discharge and generate white light with high efficiency and good color rendering index. Despite the fact that since the 1990s the tri-band phosphors have largely replaced HALO phosphor, enormous amounts of HALO have been produced over the years and are either still in use or have been stockpiled or landfilled by recyclers. 14, 15 Today, processed lamp phosphor waste contains around 50 wt% of HALO, making it the largest component (Table 1) . 5 With annual sales of CFL's topping 2.5 × 10 9 units per year (2007), the volume of lamp phosphor waste is expected to grow rapidly as fluorescent lamps reach their end-of-life. 16, 17 Fluorescent lamps are considered as hazardous waste due to their mercury content, and have to be collected separately. 14, 15 While the glass and metal in the lamps is often recycled, the lamp phosphor powders are usually simply stockpiled or discarded despite their significant critical metal content (Table 1) . 14, 15, 18 However, the interest in this waste fraction has been growing since the rare-earth crisis of 2011. 15, 19 The REEs are present in the red (YOX), green (LAP/CAT) and blue (BAM) tri-band phosphors and many studies have been carried out to recover these valuable elements. 14, 15, 18, [20] [21] [22] [23] [24] [25] [26] [27] Since 2012, the recycling of REEs from fluorescent lamps is also carried out on industrial scale by Solvay in France. 5 However, the broadband antimony-containing phosphor (Sr,Ca) 5 (PO 4 ) 3 (Cl,F):Sb 3+ ,Mn
2+
(HALO) does not contain rare earths and is therefore usually considered as a non-valuable residue even though it makes up around 50 wt% of the lamp phosphor waste (Table 1) . 14, 15, 18 As rare-earth prices have come down from their highs of 2011, more attention should go to this halophosphate phosphor as a potentially interesting secondary source of antimony. Antimony is crucial for many growing applications as described earlier but its recycling from end-of-life consumer waste has not been considered so far. The recovery of antimony should be integrated in REE recycling processes for fluorescent lamp phosphor waste in the larger attempt to valorize this valuable consumer waste product. The HALO content in these powders is too large to ignore or discard as a useless side product. In this paper, the feasibility of antimony recovery is discussed and a new process is presented to efficiently recover the antimony from the HALO phosphor using minimal amounts of chemicals. The resulting product is pure Sb 2 O 3 , which is the main commercial form of antimony and an apatite residue which is the primary feedstock for the phosphate and fertilizer industry. A zero-waste valorization strategy was followed, meaning that no waste was tolerated and all of the elements in HALO were valorized into useful products, not just antimony. The process was developed using commercial HALO phosphor in order to study the chemistry of this phosphor in detail. However, the implementation of the HALO valorization process in lamp phosphor recycling schemes is also discussed in this paper.
Experimental

Materials and chemicals
The lamp phosphors (Ca,Sr) 5 (BAM) were purchased from Nichia (Japan) (>99%). The exact composition of the commercial HALO is shown in (>99%) were obtained from Sigma-Aldrich (Diegem, Belgium). HCl (37%) and H 2 SO 4 (96%) were purchased from Acros Organics (Geel, Belgium). NaOH (>99%) was purchased from VWR (Leuven, Belgium). The silicone solution in isopropanol was purchased from SERVA Electrophoresis GmbH (Germany) and the indium standard solution (1000 ppm) from Merck (Belgium). All chemicals were used as received without further purification.
Equipment and characterization
A TMS-200 thermoshaker (Nemus Life) was used to facilitate mixing of the samples and a centrifuge Heraeus Megafuge 1.0 was used to sediment the undissolved residue. The metal concentrations in the samples were determined by total reflection X-ray fluorescence spectroscopy (TXRF) on a Bruker S2 Picofox TXRF spectrometer equipped with a molybdenum source. For the sample preparation, plastic microtubes were filled with an amount of aqueous sample (100-200 mg) and 3 M HCl solution (200 µL) to avoid hydrolysis of Sb(III) ions. For the analysis of the ionic liquid (IL) phase, smaller samples were taken (50 mg) and diluted in EtOH (200 µL). Then, 50 µL of a 1000 ppm indium standard solution was added as an internal standard. Indium was chosen as a standard because this element has an X-ray energy very similar to both calcium and antimony, which reduces the effects caused by adsorption of secondary X-rays (matrix effects). 28 The microtubes were vigorously shaken on a vibrating plate (IKA MS 3 basic). Finally, a 2 µL drop of this solution was put on a quartz plate, previously treated with a silicone/isopropanol solution (Serva®) to avoid spreading of the sample droplet on the quartz plate. The quartz plates were then dried for 30 min at 60°C prior to analysis. Each sample was measured for 10 min.
Dissolution experiments
The solid material (e.g. HALO) was introduced in small glass vials (4 mL) together with the desired acidic solution (2 mL). A solid/liquid ratio of 25 mg g −1 was used in most experiments.
The samples were then shaken (2000 rpm) at 25°C for a certain amount of time (depending on the experiment). Finally, the vials were centrifuged for 5 min (5000 rpm) to sediment the residue and a sample was taken from the supernatant to determine the metal concentrations in solution (TXRF).
Solvent extraction experiments
A batch of leachate (20 mL) was prepared by dissolving HALO in 1 M HCl (25 mg g −1 solid/liquid ratio) and stirring the solution (500 rpm) at 25°C until the dissolution was complete and a clear solution was obtained (5-10 min). The aqueous leachate was then divided into 2 g portions and contacted with the water saturated ionic liquid phase (1 g) using 4 mL vials with screw caps. The water-saturated IL was used to avoid volume changes when contacted with the leachate during solvent extraction experiments. The IL Aliquat® 336 was presaturated with water by contacting a large batch of pure IL with water, shaking it (1 h, 2000 rpm) and allowing it to phase separate. The extraction vials were then shaken for 30 min (2000 rpm) at 25°C to guarantee a good mixing of the two phases. Finally, the vials were centrifuged for 10 min (5000 rpm) to accelerate phase separation and a sample was taken of the aqueous and IL phase to determine the metal concentrations (TXRF).
Scrubbing and stripping experiments
The loaded IL phase (1 g) was contacted with an aqueous solution (1 g) containing NaCl for scrubbing experiments or NaOH for stripping experiments. The vials were then shaken for 10 min (2000 rpm) at 25°C. A sample of the IL phase was taken to determine the remaining metal concentration in the IL (TXRF).
Precipitation of the residue
The aqueous phase obtained after the extraction was used to conduct these precipitation experiments. NaOH was added to set the pH and the formed precipitate was settled by centrifugation. A sample of the supernatant was taken after 10 min and 24 h to determine the remaining metal concentrations (TXRF) in the effluent.
Results and discussion
Feasibility of antimony recycling from lamp phosphor waste
Before describing the recycling process, we chose to first discuss the feasibility of antimony recycling from lamp phosphor waste, as well as the general zero-waste valorization strategy. The first hurdle to antimony recycling is that antimony is only present in one phosphor (HALO). It is therefore important to avoid co-dissolution of the other components in the lamp phosphor waste as this would cause significant complications (Table 1) . Luckily, it is well-known that the HALO phosphor is more easy to dissolve in acid than the other phosphors (HALO > YOX ≫ LAP/CAT/BAM). 5, 15, 18, 29 This was confirmed by our experiments in HCl solutions with separate commercial phosphors (Table 3) . It is clear from these results that HALO is indeed more easily dissolved than the other phosphors. Amongst the other components, only YOX is partially dissolved. It is important to avoid the co-dissolution of YOX since it is a valuable phosphor and dissolving it together with HALO, which releases phosphoric acid, would cause the Y(III) and Eu(III) ions to reprecipitate as water-insoluble phosphates: YPO 4 and EuPO 4 (K sp ≈ 10 −25 ) (eqn (1) and (2)).
There are two ways to avoid partial co-dissolution of YOX and the consequent loss of yttrium and europium. The first is to minimize the dissolution of YOX by careful pH control (e.g. 5 min, pH 0), but this cannot fully exclude the dissolution of YOX (Table 3) , 5, 29 The other approach is to selectively remove the YOX in a prior process step. This was not possible until recently because of the faster dissolution of HALO in acidic aqueous solutions. However, we recently developed a process to achieve this in the carboxyl-functionalized ionic liquid betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf 2 N], which can selectively dissolve metal oxides such as YOX. 27 This selective dissolution of YOX allows the direct recycling of the most valuable component in the lamp phosphor waste and has the additional advantage of removing YOX from the lamp phosphor waste so that in a next step, HALO can be dissolved quickly and selectively in acid. 27 The antimony recovery process described in this paper, can then be applied without further complications. This way, the valorization of HALO can fit in a general rare-earth recycling scheme for lamp phosphor waste, finally allowing the valorization of this major component of the lamp phosphor waste (50 wt%), instead of discarding it as a non-valuable waste residue. 5, 15, 20 Waste valorization strategy
The aim of this work was to recover antimony from the HALO phosphor using a zero-waste approach. 31 This is a key process requirement since it is not desirable to end up with more waste than the waste that is being treated in the first place. The key to HALO valorization lies in its resemblance to the industrially very important phosphate rock. [31] [32] [33] [34] [35] [36] [37] The phosphor 
The sulfuric acid route yields phosphoric acid and phosphogypsum, while the phosphoric acid route directly forms a phosphate fertilizer with the formula Ca(H 2 PO 4 ) 2 , called triple superphosphate (TSP) (Fig. 1) . 37 The nitric acid route is less common but can be used to avoid phosphogypsum formation. Ammonia and potash can be used to obtain NP and NPK fertilizers ( Fig. 1) . 37 Phosphate rock digestion is also an industrial production route for hydrofluoric acid (HF). An important drawback of phosphate rock is that it usually contains traces of heavy metals (e.g. Cd, As, Pb) and radioactive elements such as U, Th and Ra. 31, 37, 38 The fast depletion of phosphate rock reserves is also a major concern as it is the cornerstone of the entire phosphate and fertilizer industry.
31-37
Therefore we have developed a process which not only recovers the valuable and critical antimony from the HALO, but also amounts to a pure calcium phosphate product which can be integrated in the phosphate industry. The absence of radioactive elements in the HALO phosphor, make it an interesting source of phosphate and phosphoric acid. The production of new HALO phosphor has also faded out as this lamp phosphor has been replaced by the rare-earth containing tri-band phosphors. This means that the recycling of HALO present in lamps and waste stockpiles can be a net input to the phosphate cycle.
Dissolution of HALO
Having discussed the general feasibility and strategy of the valorization process, we now describe in detail a potential recycling scheme. The first step is to dissolve the HALO and obtain Partial hydrolysis Sb a Detection limit for rare-earths elements in TXRF < 10 ppb. Fig. 1 Main industrial production routes for phosphate fertilizers.
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Separation of antimony
We previously mentioned that controlled hydrolysis of Sb(III) is not an option to isolate the antimony, because the hydrolysis is incomplete at low pH and increasing the pH above 2 will also cause precipitation of calcium and manganese phosphates. Therefore, antimony must be removed by other means such as solvent extraction or selective electrodeposition of antimony metal. The latter will not be discussed in this work as the demand for antimony metal is much lower than the demand for antimony(III) oxide. 1 Electrodeposition of antimony metal in water can also cause formation of highly toxic stibine gas (SbH 3 ) in certain conditions. 54 Therefore, selective extraction of the Sb(III) ions is the best option. Sb(III) removal by solvent extraction has been studied previously, although the main focus has been to separate antimony from heavy and precious metal ions (Cd(II), Pb(II), Sn(II), Te(IV), Se(IV), Bi(IV), As(III), …) and from Cu(II) electroplating solutions. 51, 52, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] Most studies have focused on the use of neutral and acidic organophosphorus extractants or the use of secondary and tertiary amines as basic extractants (eqn (9) and (10) 
This mechanism is similar to the one observed for secondary and tertiary amine extractants (eqn (9) and (10)). 
However, secondary and tertiary amines are generally less efficient than quaternary ammonium extractants such as the ionic liquid Aliquat® 336 and require higher chloride concentrations. 53 The extraction of Sb(III), Ca(II) and Mn(II) by Aliquat® 336 was tested on a HALO leachate which was prepared by dissolving HALO (25 g L −1 ) in a diluted HCl solution
(1 M). The composition of the leachate is shown in Table 4 . The leachate was then contacted with water-saturated ionic liquid in a 2 : 1 leachate/IL phase ratio (wt : wt) and shaken 10 min (2000 rpm) at room temperature. The metal concentrations in the IL phase and the aqueous phase were measured by TXRF to determine the percentage extraction %E (eqn (11)).
Here, n IL and n aq are the number of moles in the IL phase and aqueous phase after extraction, respectively. First, the percentage extraction is plotted versus the chloride concentration by addition of NaCl to the aqueous phase (Fig. 4) . The extraction of Sb(III) ions is very strong from the HCl leachate and 100% extraction efficiency is observed even without addition of NaCl. Mn(II) ions are only extracted at very high chloride concentrations as the complex MnCl 4 − . 53 Ca(II) and Sr(II) ions do not form anionic chloro complexes in these conditions, and are therefore barely extracted in these conditions. The fact that the quaternary ammonium IL Aliquat® 336 allows direct extraction of Sb(III) from the HCl leachate without addition of extra NaCl or HCl, is a significant improvement compared to the use of secondary and tertiary amine extractants which require higher HCl concentrations to fully extract Sb(III). [51] [52] [53] The use of an ionic liquid also eliminates the need for volatile and flammable organic solvents which reduces the environmental impact of the process. A pure ionic liquid phase is therefore preferred, but sometimes addition of an organic diluent such as toluene can be advantageous for example to diminish the viscosity in order to accelerate the extraction kinetics and facilitate phase separation. Diluting the IL with toluene did not significantly influence the extraction percentage of antimony (SbCl 4 − ) (Fig. 5 ).
When the extraction is carried out directly from the leachate with a pure ionic liquid, the Ca(II) and Mn(II) extraction efficiency is 0.98% and 1.03%, respectively. This may seem low, but due to the large excess of Ca(II) in the leachate this is actually a large amount and it has to be removed in order to obtain a pure Sb 2 O 3 end-product. Therefore, a scrubbing step is required, where the IL is contacted with an aqueous solution in order to remove the unwanted elements: Mn(II) and Ca(II) and the co-extracted HCl from the IL. Different scrubbing solutions were tested, but NaCl (1 M) is the best as it removes >99.9% of the Ca(II) and Mn(II) while keeping Sb(III) in the IL (Table 5) . Next, the Sb(III) ions have to be removed (stripped) from the IL. This can be done by contacting the IL phase with an alkaline aqueous phase to transfer the Sb(III) ions to the water phase. Ammonia and NaOH solutions are frequently used bases for stripping of Sb(III) from amine extractants. 52 Depending on the pH, the Sb(III) ions can then be hydrolyzed and precipitated as SbOCl (s) or Sb 2 O 3(s) . The stripping also simultaneously regenerates the IL (eqn (12) and (13)). 46, 47 NaOH is preferred here as it forms a (non-toxic) NaCl effluent.
Fig . 6 shows the remaining antimony content in the IL after contacting the Sb(III)-loaded IL with a NaOH-containing aqueous phase. The stripping is sufficiently efficient (>99.99%) above pH 7. Higher pH values are not needed, since the further improvement in stripping efficiency is negligible.
The precipitation of Sb 2 O 3 from aqueous chloride solutions at pH 4.5-12 is the main hydrometallurgical pathway to Sb 2 O 3 and has been sufficiently demonstrated. 1, [42] [43] [44] [45] [46] [47] It is widely used in the purification of antimony and the production of highquality Sb 2 O 3 . 1, [42] [43] [44] [45] [46] [47] The resulting Sb 2 O 3 product, is the most important commercial form of antimony as it accounts for more than 90% of the antimony market. An important advantage of recovering antimony from lamp phosphor waste is that lamp phosphor waste contains much less contaminants compared to stibnite ore which is frequently polluted with elements such as lead, arsenic, iron and copper. The purity of the final Sb 2 O 3 precipitate was >99.99 wt% with calcium and manganese levels below detection limit for TXRF (10 ppb and 1 ppb, respectively).
Zero-waste valorization of the residue
The HALO leachate ( pH 0-0.5), from which the antimony has been initially extracted, is not discarded as waste but is neutralized with NaOH to obtain a clean effluent and a valuable residue. Fig. 7 shows the remaining concentration of calcium and manganese in the leachate as function of pH. At pH 7 (the desired effluent pH), the remaining manganese concentration is below detection limit of TXRF (1 ppb). 70 Calcium removal is not complete at pH 7 (≈85% removal), because at this pH calcium phosphates are still partially soluble. 71, 72 However, since calcium is not toxic, it is more favorable to emit the manganese-free NaCl/CaCl 2 effluent at pH 7 than to further increase the pH to remove the remaining calcium ions. The effluent is certainly free of fluoride at pH 7 due to large excess of Ca(II) ions and the low solubility of CaF 2 (K sp = 3.9 × 10 −11 ).
The composition of the effluent (excluding NaCl) and the maximum contaminant levels (MCL) allowed in drinking water in the USA, are shown in Table 6 . 73 Note that the quality requirements are stricter than the ones applicable to the disposal of wastewater. The effluent meets all regulatory limits and can therefore be discarded in the sea. 73 Seawater contains 35 g L −1 (0.6 M) of NaCl on average. 74 The precipitate evolves over time as it ripens and this is accompanied by a decrease of the pH (Fig. 7) . The main species to precipitate out of solution around pH 7 are CaHPO 4 (eqn (14) ) and a mixture of chloro-, fluoro-and hydroxoapatite: Ca 5 (PO 4 ) 3 (OH,F,Cl) (eqn (15)). 71, 72 CaCl
Manganese is co-precipitated and the stages of manganese precipitation can be visualized by the color change of the precipitate (Fig. 8) . Below pH 2, no precipitation occurs and the solution is clear. Between pH 3 and 5 the Mn(II) ions are partially coprecipitated with the calcium phosphate, resulting in the typical pink color of Mn(II) salts. Above pH 7, manganese is fully removed as Mn(OH) 2(s) , which is cream colored and gradually turns brown upon standing (especially at high pH) due to the oxidation of Mn(II) and formation of Mn 2 O 3 . 75 Note the strong color of the precipitate despite the small manganese content (<1 wt%). The calcium phosphate precipitate can be used in the phosphate and fertilizer industry since it is very similar to phosphate rock which is also a mixture of calcium phosphates and apatites. [31] [32] [33] [34] [35] [36] [37] Phosphate rock is the primary industrial feed for the production of phosphoric acid, phosphate fertilizers and hydrofluoric acid. 37 The small amounts of manganese in the precipitate can be removed in a separate step, but it may be more interesting to keep it since manganese is an important plant micronutrient. 76 The high purity of the recycled apatite, contrasts with the apatite in phosphate rock which contains traces of As, Pb and Cd. 31, 37, 38 Phosphate rock is also known for its radioactivity caused by U, Th, Ra and their decay products. 31, 37, 38 The precipitate produced in this process is thus a welcome source of phosphate. An overview of the entire process is shown in Fig. 9 . Note that in this process only HCl and NaOH are consumed and no waste is created except the NaCl effluent. The ionic liquid [A336][Cl] is entirely reusable and non-volatile so no losses occur. This recycling process for the recovery of critical antimony from the HALO lamp phosphor is therefore a good example of a zero-waste valorization approach. It is in theory Fig. 7 The remaining metal concentration in solution is shown to evaluate the precipitation of the apatite residue as function of pH. The initial pH of the leachate after extraction was 0.37 and the pH was increased by using NaOH. Fig. 8 Precipitation of the remaining elements present in the leachate after extraction of antimony. The pH was adjusted with NaOH. Fig. 9 Schematic overview of the proposed recycling process. After full dissolution in diluted HCl, the antimony is selective extracted from the leachate using the ionic liquid Aliquat® 336 and pure Sb 2 O 3 is obtained after scrubbing and stripping. The remaining elements in the leachate are then reprecipitated as an apatite which can serve as feedstock in the fertilizer industry. The only waste of this process is an aqueous NaCl effluent which can be discarded in the sea.
also possible to regenerate HCl and NaOH by electrolysis of the NaCl solution in a membrane cell (eqn (16)), followed by the recombination of H 2 and Cl 2 to form HCl (eqn (17))
This would result in a completely closed-loop recycling process as the reagents can be regenerated from the effluent and only energy would be consumed. Although the electrolysis of NaCl and synthesis of HCl is carried out in this way industrially on very large scale, it is probably more interesting for medium-sized recycling plants to purchase HCl and NaOH and discard the clean NaCl solution in the sea.
Conclusion
Halophosphate is the largest component in lamp phosphor waste (50 wt%), but is usually discarded as a non-valuable residue in rare-earth recycling even though it contains industrially important antimony. The increasing supply risk for antimony combined with decreasing rare-earth prices should turn the attention of researchers to the valorization of this lamp phosphor waste component. Here, a process is proposed to efficiently recover the antimony (>99.99 wt% purity) and to valorize the remaining elements as a high-quality feedstock for the phosphate industry. This green process operates at room temperature and no waste is created except a NaCl effluent, which makes it a more sustainable source of antimony than the energy-intensive processing of stibnite ore. The process can be integrated in lamp phosphor recycling schemes aimed at recovering rare earths. The main advantage of this step-wise and selective approach to lamp phosphor recycling is that less chemicals and energy are consumed to obtain pure end-products. Selective valorization of the most valuable components is a better strategy than full dissolution followed by separation, when dealing with a highly complex feedstock such as lamp phosphor waste. It is our hope that this paper will highlight the potential of lamp phosphor waste as an overlooked source of antimony and stimulate the inclusion of antimony recovery in future lamp phosphor waste recycling schemes.
